Vasoactive agents affect growth and protein synthesis of cultured rat mesangial cells. Mesangial cell (MC) proliferation and extracellular matrix (ECM) formation are hallmarks of chronic glomerular disease. The present in vitro study examined the effects of the vasoactive agents angiotensin II (Ang II), arginine vasopressin (AVP), and serotonin (5-HT) on growth and protein biosynthesis of cultured rat MCs after 72 hours of incubation, AVP and 5-HT (Jft6 M) significantly increased DNA synthesis and growth of quiescent subconfiuent MCs to levels of 25 and 45%, respectively, of the optimal stimulatory effect of 10% fetal calf serum (FCS) (both P < 0.001). The mitogenic effect of Ang II was 10% of the 10% FCS effect (P C 0.01). ECM production was studied by ELISA assay for fibronectin (FN) secreted into the culture medium (SeFN) and cell-associated FN, that is, intra-and pericellular FN (CaFN). In all incubations, highly significant negative linear relationships were found between the numbers of MCs per well and quantities of both SeFN and CaFN after normalization of the data by logarithmic transformation (SeFN: r values > -0.9705; CaFN: r> -0.9620; P C 0.001). Thus, increasing cell densities progressively suppressed ECM formation by MCs. The ECM production was found to be independent of growth activity. AVP significantly increased SeFN (P C 0.05) and decreased CaFN (P < 0.001) in subconfluent cultures; Ang II and 5-HT had no effect. tive hormones, such as angiotensin II (Ang II) and arginine vasopressin (AVP), easily penetrate the highly permeable mesangial area with modulation of glomerular function [7, 8] .
Vasoactive agents affect growth and protein synthesis of cultured rat mesangial cells. Mesangial cell (MC) proliferation and extracellular matrix (ECM) formation are hallmarks of chronic glomerular disease. The present in vitro study examined the effects of the vasoactive agents angiotensin II (Ang II), arginine vasopressin (AVP), and serotonin (5-HT) on growth and protein biosynthesis of cultured rat MCs after 72 hours of incubation, AVP and 5-HT (Jft6 M) significantly increased DNA synthesis and growth of quiescent subconfiuent MCs to levels of 25 and 45%, respectively, of the optimal stimulatory effect of 10% fetal calf serum (FCS) (both P < 0.001). The mitogenic effect of Ang II was 10% of the 10% FCS effect (P C 0.01). ECM production was studied by ELISA assay for fibronectin (FN) secreted into the culture medium (SeFN) and cell-associated FN, that is, intra-and pericellular FN (CaFN) . In all incubations, highly significant negative linear relationships were found between the numbers of MCs per well and quantities of both SeFN and CaFN after normalization of the data by logarithmic transformation (SeFN: r values > -0.9705; CaFN: r> -0.9620; P C 0.001). Thus, increasing cell densities progressively suppressed ECM formation by MCs. The ECM production was found to be independent of growth activity. AVP significantly increased SeFN (P C 0.05) and decreased CaFN (P < 0.001) in subconfluent cultures; Ang II and 5-HT had no effect. Metabolic labeling with 35S-methionine (18 Mesangial cell (MC) proliferation and extracellular matrix (ECM) formation are hallmarks of chronic glomerular disease [1, 2] . Alterations of MC growth and biosynthetic activity may be caused by a number of interrelated factors. These are thought to comprise pleiotropic growth factors and cytokines [3, 4] , vasoactive agents with direct metabolic effects [51, and possibly alterations in glomerular ECM [6] . Circulating vasoactive hormones, such as angiotensin II (Ang II) and arginine vasopressin (AVP), easily penetrate the highly permeable mesangial area with modulation of glomerular function [7, 8] .
Received for publication June 27, 1991 and in revised form August 26, 1991 Accepted for publication August 30, 1991 C 1992 by the International Society of Nephrology While Ang II has been shown to cause contraction in MCs [9] , it has also been demonstrated that Ang II enhances collagen production in these cells [10] . AVP, in addition to its contractile effect [9, ii] , was found to be mitogenic for MCs in culture [12] . Among paracrine mediators released by infiltrating activated macrophages, aggregating platelets, or intrinsic glomerular cells in response to injury [1, 2] are an array of mediators with biologic actions on MCs in vitro such as platelet-derived growth factor [13] , transforming growth factor beta [14] , interleukin I species [15] , tumor necrosis factor [16] , and also a number of locally-secreted vasoactive substances such as eicosanoids [17] , adenosine [18] , endothelin [19] , and serotonin (5-HT) [20, 21] .
The aim of the present in vitro study was to further investigate the metabolic effects of Ang II, AVP, and 5-HT on cultured rat MCs by examining growth and protein synthesis, that is, production of the ECM glycoprotein fibronectin (FN) and intracellular protein profiles.
Methods
Isolation and culture of MCs MCs were obtained from eollagenase-treated renal glomerutar remnants by previously described methods [15, 22] . Briefly, whole glomeruli were isolated by serial sieving of minced renal cortical tissue obtained from healthy male Wistar rats (200 to 250 g). Glomeruli (30,000) in 2 ml of Hanks balanced salt solution (HBSS, Gibco, Grand Island Biological Co., Grand Island, New York, USA) were digested with collagenase (Sigma Chemical Co., St. Louis, Missouri, Type IV) using 2 ml of 750 U/mt collagenase under continuous gentle shaking in a 37°C
water bath for 20 to 30 minutes. This procedure results in digestion of the glomerular basement membrane and in shedding of epithelial cells. Washed glomerular remnants, consisting of MCs and endothelial cells, were plated at a density of 300 remnants/cm2 in a 75 cm2 culture flask (Costar, Cambridge, Massachusetts, USA) and incubated in 20 ml MC medium at 37°C in a humidified 5% C02-95% air atmosphere. MC medium consisted of DMEM (041 02320, Gibco) supplemented with 100 U/mi penicillin (Gibco), 100 g/ml streptomycin (Gibco), 2 mM glutamine (Gibco), 5 p.g/ml bovine insulin (Sigma) and 20% (vol/vol) heat-inactivated fetal calf serum (FCS) (Gibco). After one week, two types of cellular outgrowths were observed. One had typical MC morphology with growth in interwoven bundles, and the other showed epithelial cell morphology with a polygonal, cobblestone-like outgrowth. Epithelial cells disappeared after two to three weeks. After passage #1, the amount of FCS was reduced in the medium from 20 to 10% (vol/vol). Identification of MCs was performed in several passages by indirect immunofluorescence (IF) microscopy using rabbit immunoglobulin (IgG) directed to smooth muscle cell-specific myosin and fluorescein isothiocyanate-conjugated goat IgG to rabbit IgG. These studies showed uniformly strong positive staining of distinct longitudinal fibrils in all observed cells, which is a staining pattern considered to be indicative for MCs [15, 221. In addition, the cells were negative by IF for cytokeratm and showed a contractile response on exposure to Ang II [9] . Cultures which were maintained in the same flask for prolonged periods (6 to 8 weeks) showed formation of hillocks, nodular protrusions consisting of cells and ECM, a behavior characteristic of MCs in culture [23] .
Prior to each experiment, the medium was changed from 10 to 0.5% FCS for four days to induce cellular quiescence, leaving the MCs in a resting state, the GO/G1 phase [12, 15] . MCs were used from passage #8 to 10.
Cellular proljferation
MC proliferation was assayed by measurement of DNA synthesis with an ELISA assay for incorporated bromodeoxyuridine (BrdU), a thymidine analog, as described by Vanderlaan and Thomas [24] with some modifications. MCs, grown to subconfluency in 96-well tissue culture plates (Costar), were growth-arrested and incubated for three days in triplicate with (Gibco). The cells were fixed by adding 100 p1 acetic acid! methanol (1: 1) to each well followed by evaporation using a warm air flow. The plates were then stored air-sealed at 4°C until development (within 7 days). To develop the plates, the wells were filled with 200 d fixing solution (95% formamide, 5% 1.5 M citrate buffer pH 3.0 (vollvol)) and incubated for 45 minutes in a 70°C water bath. Subsequently, the plates were During incubation, the wells were studied twice daily by phase contrast microscopy to document growth pattern and cell density. The medium was removed from the wells and immediately centrifuged for five minutes at 10,000 x g to remove cellular debris. The supernates were stored at -80°C until assayed for SeFN (within 4 days). In other experiments, MCs and the pericellular ECM layer were solubilized in 100 p11% Nonidet P-40 in PBS, and frozen away at -80°C until assayed for the amount of cell-associated FN (CaFN). Parallel cultures in the same plate were used to determine cell numbers. FN concentration in all samples was determined in triplicate with a sandwich ELISA assay using exactly the methods Ci/m1 35S-methionine (Amersham Nederland BY, 's Hertogenbosch, The Netherlands, SJ1O15 in vivo labeling grade) [25] . At the end of the labeling period, the cells were washed three times with PBS to remove free radiolabeled methionine. The cells were lysed in 100 j.d lysis buffer (10 ml: 4 ml 10% Nonidet P-40 (Bio-Rad Laboratories BY, Veenendaal, The Netherlands), 0.5 ml Servalyt pH 7 to 9 (Serva Feinbiochemica, Heidelberg, Germany, 42907, lot #30098), 5.89 g Urea (Serva), 154.3 mg Dithiothreitol (Serva), and 10 ml H20) [25] . Radioactivity of the samples was determined by scintillation counting in triplicate of cell lysates precipitated on Whattman glass fiber discs.
High-resolution 2-D PAGE was performed as described by O'Farrell [261 and modified by Bravo [27] . In this procedure, we used an isoelectrofocusing (IEF) tube gel apparatus (Bio-Rad model 175) connected to a power supply model 1000/500 (Biorad) and a PAGE slab-gel apparatus (Bio-Rad Protean II 2-D Multi-Cell) equipped with a capacity of running 12 20 x 16 cm slab-gels under identical conditions at the same time. IEF was performed using tube gels with reproducible gradients of pH 5.0 to pH 7. 30 minutes and drying of the gels under vacuum at 80°C, fluorography was performed for four to seven days at -80°C using Kodak XR and Agfa Curix RP1 films. After development of the films using a Kodak automated developer, the fluorograms were analyzed by computerized video densitometry as described previously [281. Absolute radioactivity of over-or underexpressed protein spots was determined by scintillation counting after excision of the spots from the original gels.
Results
Cellular proliferation Quiescent subconfluent MCs were exposed to 5-HT, AVP, and Ang II in concentrations varying from icr4 to 108 M in medium supplemented with 0.5% FCS during 72 hours. with 10% FCS, the cultures were growth-arrested. Exposure of the cultures to Ang II, AVP, and 5-HT (106 M) resulted in variable cell numbers after three days of incubation as a consequence of differences in mitogenic stimulation. Cell numbers ranged from 2 to 25 x io MCs per well of 2 cm2 after three days. Examination by phase contrast microscopy revealed 70% confluency at a density of approximately l0 cells per well, and 100% confluency at densities of about l0 cell per well, as shown in Figure 3 . Cultures with cellular densities exceeding i05 MCs per well became supraconfluent with growth in irregular multilayers. Quantitative measurement of FN production by ELISA assay revealed highly significant negative linear relationships between cell numbers per well and both the amounts of SeFN and CaFN after logarithmic transformation to normalize the distribution of the data [29] . Figures 4A and 4B show the pooled results for all three vasoactive agents. Down- regulation of FN production was particularly prominent in subconfluent cultures (2 x i04 to iO cells per well, Fig. 3 ).
Decrease of FN production was also apparent in supraconfluent crowded cultures with irregular multilayered growth of MCs. As shown in the Figures 5A and SB, when the results obtained for the individual vasoactive agents were plotted against cell number, AVP was found to reduce the amount of CaFN (P < 0.001) and to increase the amount of SeFN (P < 0.05) without affecting the overall production of FN for a given cell number in subconfiuent cultures. Table 1 gives the overall data of correlation and linear regression analyses which were carried out according to the recommendations of Godfrey [30] . Regression coefficients were compared by the modified two-sided I-test intracellular proteins, that is, weak overexpression of p1 and underexpression of p5.
Discussion
The effects of vasoactive agents on glomerular ultrafiltration are well established [7] . One of the pathways involved in the regulation of glomerular perfusion and filtration may be direct stimulation of contraction of smooth muscle cell-like MCs, the effect of which is to reduce glomerular capillary patency and hence the ultraffitration coefficient [7, 8] . Recent experiments, making use of cell culture and other recently developed analytic techniques, have established that the vasoactive hormones Ang II and AVP both activate MCs through phospholipase C-mediated breakdown of phosphoinositides with generation of inositol triphosphate and diacylglycerol [12, 20, 32, 33] . Inositol triphosphate increased the intracellular concentration of ionized calcium ([Ca2]1) by releasing intracellular stores and by enhancing extracellular calcium entry [33] . Diacyiglycerol actiCell number yates protein kinase C to a membrane-associated form that independently or synergistically with [Ca211 controls the functions of numerous target proteins and enzymes [20, 33] . 5-HT, a major release product of activated platelets, also activates MCs through the complex inositol phosphate-Ca2-diacylglycerol pathway of signal transduction [20, 21] .
In addition to their contractile properties AVP, Ang II, and 5-HT are also found to affect MC proliferation. Ganz et al. [12] reported a strong mitogenic effect of AVP on cultured rat MCs through binding to a specific V1 receptor. Ang II was shown to induce vascular smooth muscle cell proliferation in vivo [34] . The mitogenic potential in vitro of Ang II is not entirely clear as has been shown in conflicting data with MCs. Fujiwara and coworkers [35] observed increased incorporation of 3H-thymidine in quiescent rat MCs in the presence of insulin or serum, suggesting that Ang II acts as a competence-type of mitogen for MCs. In contrast, Ganz and associates [36] did not observe a mitogenic effect of Ang II on rat MCs. This discrepancy may reflect the loss of Ang II receptors in cultured rat MCs with epeated passages [36] . Recently, Harris and Homma [37] , in a reliminary report, noted a mitogenic effect of Ang II on :ultured rat MCs when exposed to stretch-relaxation. No rnitogenic effect was seen in MCs grown on a solid support [37] . 5-HT, in addition to stimulation of contraction and prostaglanJin synthesis, was recently found to be a strong mitogenic for ultured rat MCs [201. In the present study, MCs were cultured iccording to widely applied and generally accepted methods for solation and propagation of this smooth muscle cell-like gbnerular cell type [15, 22, 23] . Morphology, immunohistochemcal characteristics, and behavior in long-term culture are all in :oncordance with a mesangial origin of the cells [15, 22, 23] . 
Our proliferation experiments confirm the strong stimulatory effects of 5-HT and AVP on DNA synthesis and growth of MCs as reported by others [12, 20, 36] . The proliferative effect of 110 Ang II was found to be mild in our experiments. These data are suggestive for a potential role of vasoactive agents in the process of vascular and glomerular sclerosis through stimula--68 tion of cellular proliferation. Moreover, the possibility of vasoactive agents altering biosynthetic activity of MCs resulting in ECM expansion, may further suggest a role of these agents in the progression of chronic glomerular disease. There is significant evidence that ECM can influence proliferation, adhesion and migration, phenotype, and gene expression in MCs [4, 6, 23, 38, 39] . Alterations in ECM are thought to contribute to abnormal cellular function in disease [3, 4, 61 . FN, an adhesive ECM glycoprotein involved in cell-to-cell and cell-to-matrix interactions [38, 40] , is prominently accumulated in the expanding mesangium in chronic glomerular disease in vivo [1, 2] . Quantitative measurements by ELISA assay revealed a progressive decrease both of secreted and cell-associated FN with increasing cell densities. This downregulation was observed in the presence of all three vasoactive substances with different levels of mitogenic stimulation. This observation suggests that in these experimental conditions the formation of ECM by MCs is independently regulated from DNA synthesis and growth. This phenomenon has also been reported in other cell systems. Incubation of bovine adrenocortical cells with TGF-3 stimulated FN production without affecting proliferation [41] . The progressive decrease of ECM formation was particularly prominent in subconfluent cultures with increasing percentages of confluency. Recently, Simonson, Culp and Dunn [38] and Ishimura et al [42] examined the production and distribution of ECM components in cultured rat MCs by immunocytochemistry. ECM components were located strictly intracellular until confluency, when these proteins were secreted and incorporated into pericellular ECM accompanied by decreased intracellular staining [42] . The latter authors hypothesized that the secreted ECM may interact with specific MC membrane surface receptors to target delivery and to regulate their own synthesis, secretion, and extracellular organization with mechanisms that include an autocrine feedback system as a solid phase [42] . Our current quantitative measurements of secreted and intralpericellular FN support this contention. Downregulation of FN production was also found to be statistically significant in supraconfluent cultures with increasing cell numbers per well, that is, in MCs growing in irregular multilayers surrounded by abundant ECM. A three-dimensional cellular orientation profoundly influences the degree of spreading and cell shape and hence, proliferative and biosynthetic activity [23, 39, 43] .
Recently, experimental evidence has been provided that MCs possess plasma membrane receptors for FN, laminin, and collagen types I and IV [38, 40] . FN receptors on MCs have been shown to promote attachment and direct spreading of MCs on the culture substratum [38] , and to facilitate phagocytosis of opsonized particular material [40] . In the current experiments, AVP was found to decrease the quantity of cell-associated FN and to increase the amount of FN secreted into the medium of subconfluent cultures, whereas the overall production of FN for a given cell number per well was unaffected. These data suggest that AVP may affect cell-to-cell and cell-to-matrix interactions in the mesangium, perhaps through decreased cell surface expression of FN receptors. Kreisberg and Venkatachalam [11] reported increased areas of MC surface in focal (adhesive) contact with the culture substratum after a 40 minute incubation with AVP, accompanied by increased myosin light chain phosphorylation, a biochemical indicator of activation of actinmyosin interactions. These findings may indicate an increased contact with the highly adhesive plastic substratum, possibly due to AVP induced loss of cell-associated FN. On the other hand, when cells were grown on less adhesive surfaces like polyhydroxyethylmethacrylate, AVP induced contraction in an isotonic fashion, possibly permitted by a reduction of cell associated FN since Ingber [44] found FN to be resistant to cell-generated mechanical forces. AVP had no effect on MC morphology as studied by phase contrast microscopy. Preliminary experiments did not reveal changes in immunofluorescence patterns for the cytoskeletal components actin and smooth muscle myosin, and the focal contact components vinculin and alpha actinin after incubation with AVP (data not shown).
2-D PAGE is a method for the analytic separation of large numbers of proteins from solubilized cells [25-281. The resolving power of the technique, which separates proteins both in terms of their isoelectric points and molecular weights, is high with resolution of >1000 35S methionine labelled proteins from unfractioned cell lysates. Although this represents only a fraction (10 to 20%) of the total number of proteins thought to be present in a mammalian cell, it is a standard procedure in order to globally study cellular protein composition and to monitor changes in protein patterns in response to environmental stimuli or experimental perturbations [25] [26] [27] [28] 45] . We applied this analytic technique to further study enhanced cellular protein synthesis, an event characteristic of cellular activation, in response to vasoactive agents. Metabolic labeling with 35S methionine during 18 hours and 2-D PAGE resulted in resolution of >500 different radiolabeled intracellular proteins between p1 ranges 5.0 and 7.5 and molecular wt ranges from 110 to 20 Kd. These 2-D PAGE conditions were chosen on the basis of other reports [25] [26] [27] [28] 45] . AVP induced upregulation of all 10 selected individual mesangial cellular proteins. 5-HT also augmented MC protein synthesis with upregulation of five different cellular proteins and downregulation of two cellular proteins. In particular, the MC proteins p1 (molecular wt 83 Kd, p1 5.43), p2 (molecular wt 80 Kd, p1 6.12), and p9 (molecular wt 24 Kd, p1 5.67) were found to be strongly upregulated both by AVP and 5-HT. Further investigations are required to examine the structure and possible functions of these affected MC intracellular proteins. Ang II caused only marginal activation of MCs with weak over-and underexpression of each a single mesangial protein in the studied p1 and molecular wt ranges. Thus, the direct metabolic effects of Ang II on cultured MCs, that is, cellular proliferation and biosynthetic activity, were found to be limited in our present study. On the other hand, also in view of the recent data of Harris and Homma [37] , data on the effect of Ang II on the expression of larger MC proteins are needed.
In conclusion, AVP and 5-HT profoundly affect growth and protein synthesis of MCs in vitro. These studies, albeit indirect, suggest a possible relationship between the pathophysiological response of glomerular cells and these vasoactive agents.
